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INTRODUCTION 
Most of the NDE effort using ultrasonics to assess engineering materials has been in 
the detection of cracks or crack-related phenomena. Other questions involving, for 
example, NDE measurements of temper or the state of fatigue prior to cack initiation, while 
very important to material scientists and design engineers, are not easily investigated using 
ultrasonic techniques based on linear theory. Recent work indicates, however, that the use 
of ultrasonics based on nonlinear concepts provides potentially useful information about 
material processing and certain pathological states that develop in materials as they are 
used. 
The purpose of this paper is to review and discuss nonlinear bulk compressional wave 
acoustic measurement systems and the applications of measurements from such systems to 
engineering materials. The experimental work is based on the fundamental considerations 
reviewed in Ref. 1. 
THE CAPACITIVE DETECTOR 
Central to most nonlinear acoustic measurement systems is the capacitive detector 
(CD) [2,3], a cross-section of which is shown in Fig. 1. This device permits the 
determination of absolute ultrasonic wave displacement amplitudes with a sensitivity to 
lQ-13 meters. To achieve such sensitivity sample preparation includes lapping opposite 
surfaces to a parallelism of 12 arc seconds or better, and polishing these surfaces flat to 
optical tolerances of better than 0.25 11m (1/2 wavelength of green light across the sound 
path). 
When in operation an ultrasonic wave is generated by a piezoelectric transducer 
bonded to a sample surface and propagates through the sample. The wave impinges on the 
opposite end of the sample, which also serves as one plate of a parallel plate capacitor. The 
vibration of this surface causes the generation of an AC voltage when the capacitive 
receiver is biased with a DC voltage. When the CD is connected to an amplifier of input 
impedance, R, the output voltage of the capacitive receiver, v, can be written as 
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Capacitive receiver 
Fig. I. The capacitive detector (cross-section) 
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where A is the amplitude of the ultrasonic wave impinging on the sample end, S0 is the gap 
spacing, V b is the DC bias voltage applied to the CD, ffi is the angular frequency of the 
ultrasonic wave, and C0 is the quiescent capacitance of the detector. A substitutionary rf 
voltage, Vsubst• of amplitude 
2A vb 
v subst = -S--
O 
(2) 
through a capacitance Co and into the same amplifier will give an identical amplifier output 
response as the ultrasonically generated signal,provided that the ultrasonic pulse length is 
sufficiently long. The substitutional voltage can be measured with a typical accuracy of 2% 
from which the acoustic amplitude can be determined. Another substitutionary technique, 
based on the Norton equivalent circuit analysis, is covered elsewhere [4]. 
TECHNIQUES FOR MEASUREMENT OF NONLINEARITY PARAMETERS 
As discussed in Ref. 1, the nonlinearity parameter is formally defined in terms of 
linear combinations of second and third-order elastic constants. However, the parameter 
also occurs as a factor in the solution to the nonlinear wave equation that is expressible in 
terms of quantities that can be directly measured. In the case of harmonic generation, 
consider a finite amplitude sinusoidal acoustic wave traveling through a nonlinear medium. 
As the waveform passes through the medium it distorts and a harmonic wave is generated. 
The magnitude of the nonlinearity parameter H can be determined from the absolute 
measurement of the fundamental and harmonic wave amplitudes as 
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where A2 is the amplitude of the generated second hannonic wave, A 1 is the amplitude of 
the fundamental wave, k is the propagation constant(= 2rc/A), and a is the sample length 
[5]. The technique has also been extended to hannonic generation of short ultrasonic 
pulses [6]. 
Collinear beam-mixing is the basis of another technique used to measure the 
nonlinearity parameter [7]. In this case an ultrasonic toneburst of a given frequency is 
launched into the sample. Upon reflection of the toneburst from the surface to which the 
piezoelectric transducer is bonded, a second toneburst of slightly different frequency is 
launched so that the two tonebursts overlap and traverse the sample collinearly. Using the 
capacitive detector and appropriate filtration, we can determine the nonlinearity parameter 
from the expression 
B = 4 ADifference 
measured k k A A a 
1 2 1 2 
(4) 
where A Difference is the amplitude of the difference-frequency component, A1 and A2 are the 
respective amplitudes of the tonebursts, k 1 and k2 are the respective propagation constants. 
A third technique for determining the nonlinearity parameter is the measurement of 
the acoustic-radiation-induced static strain associated with a finite-amplitude ultrasonic 
wave [8]. An ultrasonic toneburst traverses a sample, and is detected by the capacitive 
detector. The amplitude of the toneburst is measured as outlined above. The slope of the 
radiation-induced static displacement pulse is measured using a substitutionary technique of 
a waveform of known slope. The nonlinearity parameter can be calculated from 
(5) 
where (LWI 11t) is the measured slope of the static displacement pulse, and c0 is the small 
amplitude compressional wave speed. This technique has the added advantage that it can 
directly give the sign of the nonlinearity parameter. Although the nonlinearity parameters 
along the pure mode propagation directions in single crystals and in quasi-isotropic 
materials are generally positive in sign, some amorphous solids have negative nonlinearity 
parameters [4,8]. 
In most engineering materials of interest, one must work at the lowest frequencies 
that give reasonable signal to noise ratios, since the signals generated by the material 
nonlinearity depends upon the square (or product) of the frequency (frequencies) of the 
wave(s) launched into the material. Consequently, corrections for diffraction [9] and 
attenuation [10] must be made. The nonlinearity parameters measured using hannonic 
generation and corrected for attenuation is written as 
8 A2m ( Cl2 - 2 Cl1 ) 6mcasurcd = ___ .....::;:::.:___::.___...:._ __ 
2 2 - ( a2 - 2 a 1 ) a 
A 1m k ( 1- e ) 
(6) 
where a2 is the attenuation at the second harmonic frequency, a 1 is the attenuation at the 
fundamental frequency, A2m is the measured hannonic amplitude, and A 1m is the measured 
fundamental amplitude. 
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Recently, instrumentation capable of digitizing waveforms have become available, 
and their popularity is increasing. Figure 2 is a block diagram of such a system. These 
offer certain advantages in measuring nonlinearity parameters, but there are also some areas 
where care must be exercised. For example, one must test the linearity of the digitizer prior 
to incorporating it into the measurement system. Figure 3 is a plot of conversion gain as a 
function of the log10 of total counts. Not only is the conversion gain dependent on the 
signal level, but it also changes with frequency. One must exercise care in their use to be 
certain that these characteristics are accounted for in the processing of the data. As a final 
check, it is useful to measure the nonlinearity parameter of a single crystal, and compare its 
value with values in the literature. 
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Fig. 3. A plot of conversion gain vs. 
log10 counts for system at left. 
MEASUREMENTS OF NONLINEARITY PARAMETERS IN ENGINEERING 
MATERIALS 
In order to comply with the theoretical assumption of small wave amplitudes, the true 
value of !3 is actually dete1mined from the limit process given by 
(7) 
where Bmcasurcd are measured values of 13 plotted against amplitude A1. This is illustrated in 
Fig. 4 which shows a typical plot of the measured nonlinearity parameter as a function of 
A1. The example is taken from measurements in HY-80 steel using harmonic generation. 
Note that as A1 decreases the nonlinearity parameter approaches a limiting value. 
The Nonlinearity Parameter and Volume Fraction of Second Phase Precipitates 
The mechanical properties of many engineering materials are derived, at least in part, 
from the presence of secondary phases in the solid solution matrix. The presence of 
secondary phases, for example, raises the flow stress; and the extent of strengthening 
depends to first order on the volume fraction, size, and characteristics of the second phase 
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precipitates which form during the manufacturing process. A dependence of the 
nonlinearity parameter on the volume fraction of second phase precipitates in aluminum 
alloys has been reported [11], and a theoretical treatment of the effect has been presented 
[12]. These studies indicate that the nonlinearity parameter is in general nonlinearly 
dependent on the percent second phase precipitates present in the alloys. However, if the 
total volume fraction of second-phase precipitates is small ( < 10% ), then it has been shown 
that 
B=B(1+Kf) p (8) 
where K is a function of nonlinearity parameters andJinear combinations of second-order 
elastic constants of the phases in the solid solution, I3 is the nonlinearity parameter for the 
solid solution without precipitates, and fp is the percent volume fraction of second phase 
precipitates in the alloy. Fig. 5 is a plot of the nonlinearity parameter as a function of 
percent volume fraction of second phase precipitates in aluminum 7075. The least-squares 
fit indicates a linear dependence in the range of fp values measured as predicted by the 
theory. 
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Fig.4. A plot of nonlinearity 
parameter vs. fundamental amplitude 
in HY -80 steel. 
Fig. 5. A plot of nonlinearity 
parameter vs. percent volume 
fraction of second phase precipitate 
in 7075 aluminum. 
These results are made all the more significant since many of the mechanical 
properties, such as hardness, also depend on percent second phase precipitates. A plot of 
the nonlinearity parameter as a function of Rockwell-F hardness number in aluminum 
alloys is shown in Fig.6. A similar graph showing ~as a function of Rockwell-C 
hardness number in maraging steel is shown in Fig. 7. Both plots show an approximately 
linear dependence of~ on hardness in the range of hardness values measured. These 
preliminary studies indicate the potential of nonlinear acoustic measurements as a 
quantitative, nondestructive measure of material hardness. 
The Nonlinearity Parameter and Fatigue in Aluminum 2024 
We have recently begun an investigation of the effects of fatigue on the nonlinearity 
parameter. Fig. 8 shows a typical plot of the nonlinearity parameter of aluminum 2024 as a 
function of the fundamental wave amplitude after the sample has been subjected to 10,000 
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Fig. 6. A plot of nonlinearity parameter vs. 
Rockwell-F hardness number 
in aluminum alloys. 
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Fig. 7. A plot of nonlinearity parameter 
vs. Rockwell-C hardness number 
in maraging steel. 
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Fig. 9. A plot of nonlinearity parameter 
of virgin AI 2024 vs. fundamental 
wave amplitude. 
fatigue cycles. Each cycle ranged from 0 to 40ksi. of applieo stress. One notices that the 
nonlinearity parameter shows a knee that begins to appear when the fundamental amplitude 
lies between 40 and 50 angstroms. There is also a knee for the unfatigued sample (Fig. 9) 
but it occurs between 55 and 60 angstroms. From Fig. 8, B for the fatigued material is 
determined to be approximately 12.5. The plot in Fig. 9 indicates that B for the same 
material but in the virgin state is approximately 5.25. During the fatigue process, B has 
increased more than 130%. Moreover, the shift in the position of the knee is approximately 
15 angstroms. These and other effects associated with the changes in nonlinearity 
parameter with cyclic fatigue are under current examination. 
DETERMINATION OF CRACK CLOSURE USING HARMONIC GENERATION 
Elber [14] in 1971 reported the discovery of a crack closure phenomenon that occurs 
during fatigue. He noticed that crack closure could occur around a crack tip even when the 
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Fig. 11. A plot of second harmonic signa 
vs. applied load for experimental 
arrangement of Fig. 10. 
applied stress is tensile. It was considered important to determine at what tension crack 
closure around the tip occurs. Many of the techniques that were tried proved difficult in 
determining the exact tension at which the crack tip opens. The problem was solved, 
however, using ultrasonic harmonic generation with the experimental arrangement shown 
in Fig. 10. The alignment axis of the ultrasonic transducers intersects the crack tip of the 
compact tension specimen. The received fundamental wave amplitude is held fixed as the 
harmonic amplitude is plotted as a function of applied load. The results are shown in Fig. 
11. From this plot one can determine precisely when the the crack tip is fully open, leading 
to a determination of the crack opening load. 
CONCLUSIONS 
This short review reveals that useful information about engineering materials can be 
obtained from measurement of their nonlinearity parameters. As we have seen, preliminary 
measurements indicate that one can determine percent second phase precipitates in 
aluminum alloys, while other measurements show promise in the determination of 
properties related to the fatigue states of metals. It is also found that harmonic generation 
can be used for the investigation of crack opening loads in compact tension specimens 
which in turn gives useful information about the fatigue properties of various engineering 
materials. Generally, engineering materials present a special challenge for measurement of 
nonlinearity parameters. Aside from the necessity of careful sample preparation, the variety 
and complexity of microstructural features that affect the measurements are great and are 
only beginning to be understood. But, it is precisely this sensitivity to microstructural 
variations that provides the opportunity for using nonlinear acoustic measurements to gain 
fresh insights into fundamental material behavior- a necessary first step before any 
potential NDE methodolgy can become truly quantitative. 
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